An increased incidence of monkeypox (MPX) infections in the Democratic Republic of the Congo was noted by the regional surveillance system in October 2013. Little information exists regarding how MPX is introduced into the community and the factors associated with transmission within the household. Sixty-eight wild animals were collected and tested for Orthopoxvirus. Two of three rope squirrels (Funisciurus sp.) were positive for antibodies to Orthopoxviruses; however, no increased risk was associated with the consumption or preparation of rope squirrels. A retrospective cohort investigation and a case-control investigation were performed to identify risk factors affecting the introduction of monkeypox virus (MPXV) into the community and transmission within the home. School-age males were the individuals most frequently identified as the first person infected in the household and were the group most frequently affected overall. Risk factors of acquiring MPXV in a household included sleeping in the same room or bed, or using the same plate or cup as the primary case. There was no significant risk associated with eating or processing of wild animals. Activities associated with an increased risk of MPXV transmission all have potential for virus exposure to the mucosa.
INTRODUCTION
Monkeypox virus (MPXV), a member of the Orthopoxvirus genus, is a zoonotic virus endemic to western and central Africa. In humans, infection with MPXV can lead to a smallpox-like illness that is characterized by fever, lymphadenopathy, and rash. Following a febrile prodrome, a centrifugal rash appears. At first, the lesions are macular but eventually develop into papules, vesicles, pustules, and, finally, crusts. Fatal outcomes occur in up to 11% of unvaccinated affected individuals. 1 Transmission occurs via respiratory droplets or direct contact with lesion exudate 2 ; however, there is evidence that infection may occur by direct inoculation via bite or scratch. 3 There are currently no drugs licensed for the treatment of monkeypox (MPX), and although the smallpox vaccine can provide protection, its use is limited because of safety concerns for a live virus vaccine. Therefore, MPX prevention depends on diminishing human contact with infected wild animals and preventing person-to-person spread of the virus.
Previous studies have documented human-to-human transmission within both families and health facilities [4] [5] [6] ; however, little information is available about the specific interactions that lead to the transmission of the virus. If specific behaviors were identified, educational programs could be designed to reduce these behaviors and decrease the rate of MPX infection.
The definitive wild animal reservoir of the virus is still unknown; however, several lines of evidence point to small mammals. [7] [8] [9] Although multiple animals have been shown to have neutralizing Orthopoxvirus antibodies, [9] [10] [11] live MPXV has only been isolated from sylvatic animals on two occasions, once from a squirrel (Funisciurus sp.) and once from a sooty mangabey (Cercocebus atys). 12, 13 A significant increase in the number of suspect human MPX cases was noted in the Bokungu Health Zone within Tshuapa District of the Democratic Republic of the Congo (DRC) during 2013. The cases in 2013 represented an increase of over 600% when compared with previous years. During this outbreak frequent transmission events within households were documented as well as a median within-household attack rate of 50%. The current investigation presents an in depth evaluation of transmission during this outbreak, including the risk factors related to both the initial introduction of MPXV into a community, as well as the factors involved in the transmission of the virus within the household. Small mammals were evaluated for evidence of current and past MPXV infection, providing additional information about the possible zoonotic source of the virus.
METHODS
MPX cases were identified by the health zone's public health surveillance team and additional cases were identified during the course of the outbreak investigation. For each household with an MPX case, household demographics were collected by local health care providers and investigators.
Case definitions. The following case definitions were used during the investigation. The symptoms must have occurred between July 1 and December 8, 2013.
Confirmed case. A person with a history of high fever and a vesicular-pustular rash and with at least one of the following three characteristics: 1) rash on the palms and soles, 2) lymphadenopathy, and/or 3) fever preceding rash; and *Address correspondence to Leisha Diane Nolen, Bacterial Special Pathogens Branch, U.S. Centers for Disease Control and Prevention, 1600 Clifton Road, NE, Atlanta, GA 30329. E-mail: xdf8@cdc.gov diagnostic specimens that yielded a positive result for Orthopoxvirus and/or MPXV DNA signatures by polymerase chain reaction (PCR).
Probable case. A person with a history of high fever and a vesicular-pustular rash and with at least one of the following three characteristics: 1) rash on the palms and soles, 2) lymphadenopathy, and/or 3) fever preceding rash; and history of contact with a person or animal with confirmed MPX in the 14 days preceding illness onset.
Suspect case. A person with a history of high fever and a vesicular-pustular rash and with at least one of the following three characteristics: 1) rash on the palms and soles, 2) lymphadenopathy, and/or 3) fever preceding rash.
If a case was seen with active disease, a MPX-specific case report form was completed, and vesicular or ocular swab, and/ or crust specimens were collected and shipped to Institut National de Recherche Biomedicale (INRB) in Kinshasa for analysis. An Orthopoxvirus-specific real-time PCR assay was performed for diagnostic confirmation and results were reported back to the local health providers. 14 Smallpox vaccine status was based on reported history and the presence of a vaccination scar on left arm.
Household contact investigation. A household investigation was performed to identify specific activities and behaviors potentially associated with an increased risk of MPXV transmission within the household. All individuals who lived in the household of a MPX case were asked to participate in the investigation and complete a questionnaire. If a person was not available for interview but a spouse or parent was available, the interview was conducted using this person as the informant. The person who first showed symptoms of the disease in the household was defined as the primary case in each household, while people who had symptoms later were defined as additional cases. Questionnaires were designed to obtain information regarding the interactions and types of contact between each MPX case in the household and each family member. Questions were designed to elicit information about interactions such as bathing, sleeping, eating, and washing of clothes.
Community case-control investigation. A second investigation evaluated the activities that were associated with an increased risk of MPX introduction into the community. This community investigation used a case-control design. A minimum of three community controls were matched to the primary case from each household using the following criteria: 1) Age: for cases < 15 years of age, a match was found that was ± 3 years of age. For cases > 15 years of age, a match was found that was ± 10 years of age. 2) Gender: controls were identified that were the same gender as the cases. 3) Location: controls were identified that lived in households situated ≥ 500 m away from the cases' home. 4) Medical history: Potential controls were considered ineligible if they or someone in their family had suspect MPX illness in the past 1 year. At least three community controls and the primary MPX case from each household were interviewed for the casecontrol investigation. Questionnaires asked about the person's residence, social activities, and exposures to wild animals.
For both the household and community case-control investigations, interviews were performed by local health care staff and investigators from Kinshasa. All interviews were performed at the location of residence in the local language by staff fully proficient in the language. Each participant provided informed consent; parents provided informed consent for children < 18 years of age. The protocol underwent U.S. Centers for Disease Control and Prevention (CDC) human subjects review and was determined not to be research involving human subjects; as such, Institutional Review Board approval was not required.
Statistical analysis. Data were analyzed using SAS 9.3 TS statistical software (SAS Institute Inc., Cary, NC). For the household investigation, a χ 2 analysis was performed. A 5% significance level was used as a cut-off. For the community case-control investigation, odds ratios were calculated using logistic conditional analysis. t-Tests were performed using a two-tailed model with unequal variance.
Geographic distribution analysis. The locations of cases were collected with Garmin GPS units (Olathe, KS). Nine affected locations were included for analysis. The locations of all human structures in the town of Bokungu and the surrounding area were digitized with a point using a 0.50-m panchromatic Digital Globe image from April 25, 2014. A total of 1,540 structures were identified; however,~10% of the area was masked by cloud cover and was not able to be digitized accurately. Circles with a radius of 100 and 500 m were made around each of the 11 case locations and 1,529 of the control locations. A 50-m resolution multispectral Landsat composite image obtained from the Central Africa Regional Program for the Environment (CARPE) was classified into five land cover categories with the image classification toolbox in ArcGIS 10.2. A technician with local knowledge of the landscape classified the area into five categories, with each 50 m 2 pixel being assigned a specific value; water (rivers, fish pods), forest (represented by tree canopy), disturbed (areas of cleared forest, agricultural lands), developed (areas of human habitation, roads), and flooded (areas showing seasonal flooding). The proportion of pixels from each land cover type was determined with the zonal statistics plugin for Quantum GIS 1.8 (http://qgis.osgeo.org) for each of the three buffer distances. The tables with appended landscape proportions were exported to EpiInfo7 where the means procedure was used to determine any significant differences between regions surrounding the case homes versus the regions surrounding the other homes in the region.
A Global Moran's I test was used to determine spatial autocorrelation of households between 50 and 500 m. The z scores from each 50-m distance were graphed and the peak values were used for distance thresholds in further analyses. A 100-m 2 grid was used to summarize the number of structures in each cell. Cell counts were used to perform Gettis-Ord hotspot analysis for areas of statistically high and low population. All analyses were performed with the spatial statistics toolbox in ArcGIS 10.2 (Redlands, CA).
Small mammal collection. Live trapping of small mammals was conducted with the use of HB Sherman (Tallahassee, FL), victor snap traps, Tomahawk Live Traps (Tallahassee, FL), and museum special traps. The bait for all traps was a mixture of oats, peanut butter, and meal worms. Traps were set inside of eight households belonging to confirmed or suspect cases. In addition, 153 traps were placed in a forested area surrounding an affected village, 30 were set in nearby grassland, and 30 were placed behind the home of a confirmed case. The GPS location of each trap was recorded and orange flagging was used to facilitate collection and re-baiting. Some animals were purchased from local hunters that were reported to have been caught within 16 km of the village of Bokungu.
Captured animals were anesthetized with isoflurane and blood samples were collected via cardiac puncture prior to euthanasia by exsanguination and cervical dislocation. Standard measurements, weights, sex, age class, and reproductive characteristics were documented and a detailed necropsy was performed on each animal. Collected tissues samples (liver, kidney, spleen, heart, lung, brain, serum as well as oral swabs) were preserved in liquid nitrogen and were shipped back to the CDC Atlanta where they were tested by PCR and enzyme-linked immunosorbent assay (ELISA). Dried blood samples were also collected on Nobuto filter paper strips (Advantec, Dublin, CA). This work was conducted under a CDC IACUC-approved protocol (2344RUBMULXZ).
Animal sample processing. ELISA was used to detect anti-Orthopoxvirus IgG antibodies in serum samples or from dried blood samples. Crude vaccinia virus diluted in bicarbonate buffer at a concentration of 0.01 μg/well was used for coating half of each microtiter plate, the other half of the plate was coated with an equal concentration of BSC-40 cell lysate. The average of the optical density values from the duplicates of a sample in the viral half of the plate, minus the average of the duplicates from the corresponding sample in the cell lysate half of the plate, plus two standard deviations, was used to generate a cut-off value (COV). An animal was confirmed positive to the presence of anti-Orthopoxvirus antibodies if the sample's value was above the COV in at least two consecutive dilutions (1:100 and 1:200). DNA was isolated from liver samples with the Qiagen M48 robot and the Qiagen MagAttract DNA Mini M48 Kit (Qiagen, Hilden, Germany). The presence of viral DNA was assessed using real-time PCR to detect the E9L gene of Orthopoxviruses as described by Li and others. 15 
RESULTS
A total of 20 confirmed, 19 probable, and 24 suspect cases within 16 households were identified during the course of the outbreak investigation.
Household contact investigation. A total of 63 cases and 64 unaffected household contacts from 16 households were identified of which 61 cases (100%) and 53 of unaffected contacts (82.8%) completed the interview. The median age of case participants was 10 years, whereas the median age of unaffected household contacts was 20 years (Table 1) . Fiftyseven percent of case participants and 38% of unaffected household contacts were male. Among the cases, 17 people were identified as the primary case in their home; one household identified two primary cases, as they developed symptoms on the same day. The median age of primary cases was 9 years and 64% of were male (Table 1) . Cases individuals were signif-icantly more likely to be male (P = 0.042) and be students (P = 0.0032). They were also more likely to be younger (P = 0.036), with 67% of those affected and only 45% of those unaffected being less than 15 years of age (P = 0.018).
In all, 16.7% of the cases had evidence of vaccination in contrast to 29.8% of the household contacts. There was not a significant difference in vaccination rates between the two groups (P = 0.097).
Behavioral factors that were found to be associated with a significant increase in the risk of acquiring a MPXV infection were sleeping in the same room (P < 0.001) or bed (P = 0.001), sharing food from the same dish (P = 0.015), and drinking out of the same cup (P = 0.003) as the primary case ( Table 2) . Activities including kissing, assisting with toileting and hygiene and laundering clothes did not show a significant association with acquiring the infection.
Community case-control investigation. The community case-control investigation included 16 primary case patients from 15 households and 50 matched community controls. Three community controls were identified for 14 of the cases and 4 controls were identified for 2 of the cases. The average age of cases was 11 years and 10 years for community controls (Table 1 ). In all, 63% of the cases and 64% of the and controls were male.
Cases were more likely to sleep on the floor (P = 0.032), whereas controls were more likely to live in a house that had a door (P = 0.012), eat duiker (P = 0.018), and prepare wild animal meat to cook (P = 0.05) ( Table 3 ). No significant risk was found associated with having animals in the house, finding dead animals around the house, coming into contact with animal excrement, being bitten or scratched by an animal, or hunting or cooking wild animals. Structural properties of the house, including roofing, wall and floor material, windows and doors, did not demonstrate a significant associated risk. Five cases and one control reported eating animals that were found dead, whereas over 50% from each group reported eating monkey and rat in general. Anecdotally, two case families related stories about their children capturing and playing with live squirrels in the days immediately preceding the first case of MPX in the household.
Geographic distribution. No difference was found in the type of land use in the immediate vicinity around case households and the general community. However, a distance between 0 and 500 m, case households were more likely to live next to disturbed areas and less likely to live next to developed land (Table 4 ). Tests for global spatial autocorrelation showed that clustering peaked at 150 and 300 m. These distances were used for distance thresholds in further analyses. Five out of nine (55.5%) of MPX households were located in hotspots of high population (Figure 1 ). No case *Household contacts are defined as unaffected individuals who lived in the same household as a case. Primary case is defined as the person in a household who first showed symptoms of the disease, whereas additional cases had the onset of symptoms at a later time.
†Age in years.
households were located in areas with population density at the lower end of the spectrum (z score less than −1.96). Animal survey. Sixty-eight animals were collected, representing 3 orders and 12 genera of mammals ( Table 5) . A total of eight animals were collected from within six households and six animals were collected from behind one of the confirmed case's home. The remaining animals were either captured in the forested area, in the grassland, or were purchased from local hunters. Three rope squirrel specimens were purchased from hunters and were said to be captured within 16 km of the town of Bokungu. Two of the three (66.7%) rope squirrels (Funisciurus sp.) were positive by ELISA for IgG antibodies to Orthopoxviruses. All other samples were negative by ELISA and all samples were negative via real-time PCR specific for Orthopoxviruses.
DISCUSSION
Limited information exists regarding transmission of MPXV within households. Each of the households examined here exhibited at least one human-to-human transmission event, with some households having multiple transmission events. Clearly, transmission within a household setting is a major risk factor for MPXV transmission among humans. This emphasizes the importance of identifying factors within the household that affect transmission between family members. A number of activities that require a high level of contact were included in the questionnaire, including sleeping in the same room or bed, sharing dishes or cups, helping to clean the body and clothes, and assisting with toileting. Among these, sleeping in the same room or bed, sharing food on the same dish, and drinking out of the same cup as the primary case were found to be associated with an increased risk of developing MPX. We note that the factors that were associated with an increased risk all had a higher likelihood of virus introduction directly to the oral mucosa when compared with the activities that were not significantly associated with developing MPX. While activities such as washing and helping with toileting involve a great amount of contact with a patient, these activities expose the skin, but not the mucosa, to the virus.
Only a limited number of studies have investigated the initial introduction of MPXV within a community or household. It is generally believed that the initial introduction into a community occurs through the handling and consumption of infected wild animals. Although previous studies have identified the virus in a rope squirrel (Funisciurus sp.), and a sooty mangabey, (Cercocebus sp.), 12, 13 attempts to definitively determine the reservoir species of MPXV have been persistently unsuccessful. 8, 9, 12, 13 Neutralizing Orthopoxvirus antibodies have been found in multiple squirrel species, Gambian rats, elephant shrews, and domestic pigs that have been collected in DRC, 9, 10, 16 as well as a variety of mice, rats, and squirrels (Graphiurus, Xeru, Funisciurus, Heliosciurus, and Cricetomys sp.) collected in Ghana. 17 The presence of antibodies indicates that these animals have been exposed to an Orthopoxvirus; however, these results do not confirm that the introduction of MPXV into the human population is through these animals.
Previous reports suggest that the introduction of MPXV into the human population occurs via interactions with infected wildlife, most likely by eating or handling bush meat. 9 The present case-control investigation shows that that sleeping on the floor was associated with an increased risk of infection, whereas living in a home with a door, eating duiker, and preparing wild animal meat were identified as protective factors. Multiple different questions were included in the survey that asked about contact with live and dead animals and animal excrement, as well as animal bites and scratches. None of these were shown to significantly change the risk of infection. While it is unclear how the risk factors that were identified are related, we speculate that they may reflect wealth level; with wealthier households more likely to have doors on their houses and sleep off the floor.
In this investigation, data reveal that it was not the hunter or person who prepares the meat that was most likely to introduce the virus into a household, instead it was schoolaged males. Our results do not allow us to conclude why this population is the most at risk. It is possible that this is due to an increased susceptibility of this population to infection or it may be due to an activity that puts them at a higher risk of exposure. Such activities could cause a primary introduction, such as interactions with the host animal, or they could result in increased risk of transmission, such as coming in close contact with other young males who are infected. A nonsignificant correlation between smallpox vaccination status and MPX infection was observed. This association is likely secondarily related to the age of the affected individuals, as smallpox vaccination was stopped~34 years ago and thus only the older individuals had a positive history of vaccination. Future investigations regarding what activities young males perform that increase their risk of coming into contact with infectious material (either human cases or zoonotic exposures) are needed. The case-control investigation selected controls to match the cases based on age and gender. If, as postulated above, risk is a related to an individual's age and gender, it is possible that matching on these characteristics masked the activities that put individuals at risk. Future evaluations should consider specifically the activities of young males versus other household members. Nevertheless, knowing that this population is often the group that introduces the infection into the household is important to consider when designing future education and prevention programs.
The placement of a domicile within a community can also affect the type of wild animal species household members may be exposed to. Cases were found to live in areas of higher building density, suggesting that they are more likely to be in high population areas. The land within 500 m of the cases' homes was significantly more likely to be a disturbed habitat and less likely to be developed compared with the general population. Disturbed land is any land that has been cleared of forest, most often for farming. Previous studies suggested that the cleared land creates a habitat preferred by the animals that transmit MPX or, possibly that the dis-turbed land creates a space where humans are more likely to come in contact with the animals because of either loss of cover or frequency of use. 18, 19 Observations from this study are consistent with these hypotheses. Further, the animal collection data showed that a variety of rodents were in the areas around affected homes. It will be important to identify animal species that are more frequently encountered around case homes in comparison to control homes.
Mice (Mus sp.) were the animal most frequently caught in the traps around the case houses. Three rope squirrels (Funisciurus sp.) were caught near the village of Bokungu, two of which had previously been exposed to an Orthopoxvirus. Anecdotally, a number of families that participated in the investigations mentioned that their children often catch and play with squirrels. One family related how the first case of MPX in the household occurred 5 days after a captured squirrel died in their home. Although not conclusive, this history suggests a possible source animal for MPXV infection in the family. It is tempting to draw a relationship between these accounts and the many stories of young boys playing with squirrels. Additional research investigating the roles of young boys and small mammals is necessary.
These investigations are limited by our ability to confirm infection and exposure. Although we were able to confirm that the lesions were because of MPXV in 30% of the cases using molecular diagnostics, the remaining cases were identified solely by symptoms. This limitation was because of the fact that most patients were interviewed after their symptoms had resolved. Another limitation is the possibility of immunity within families because of previous exposure to MPXV or another Orthopoxvirus. Older individuals may have been affected to a lesser extent than the children due to preexisting antibodies. In the future we would like to evaluate family members for preexisting antibodies and relate that to exposure and symptoms.
This investigation has added to our basic understanding of MPX and its transmission. Our data have identified a subpopulation that most frequently brings MPX into the household, as well as factors associated with an increased risk of infection within a household and behaviors that increase the probability of transmitting the infection to others. Based on FIGURE 1. Density of neighborhoods in Bokungu Health Zone. Cases are represented by light blue triangles. Areas with an z score greater than 1.96 are in red whereas those with an z score less than -1.96 are in blue. the risk factors identified in this study, communities where MPX occurs should be educated to limit contact with individuals who are sick. This includes having the ill people sleep away from others in the household and designating specific cups and utensils for them to use. Future projects will be designed to further elucidate the risk factors related to MPX infection.
